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ABSTRACT

Bacterial histidine kinases (HK) are members of the GHKL superfamily,
which share a unique adenosine triphosphate (ATP)-binding Bergerat
fold. Our previous studies have shown that Gyrase, Hsp90, MutL (GHL)
inhibitors bind to the ATP-binding pocket of HK and may provide lead
compounds for the design of novel antibiotics targeting these kinases. In
this article, we developed a competition assay using the fluorescent ATP
analog, 2,3 -0-(2,4,6-trinitrophenyl) adenosine 5 -triphosphate. The
method can be used for high-throughput screening of compound libraries
targeting HKs or other ATP-binding proteins. We utilized the assay to
screen a library of GHL inhibitors targeting the bacterial HK PhoQ, and
discuss the applications of the 2,3 -0-(2,4,6-trinitrophenyl) adenosine
5 -triphosphate competition assay beyond GHKL inhibitor screening.

INTRODUCTION
acterial two-component systems (TCS) function as the
primary signal transduction system in bacteria. A typical
TCS consists of a ligand-responsive histidine kinase (HK)
and a response regulator, which acts primarily through
transcriptional control to facilitate adaptive responses to numerous
environmental stimuli.'™ Upon activation via extracellular stimuli,
HK binds adenosine triphosphate (ATP) and autophosphorylates a
conserved histidine residue. The phosphoryl group is then transferred
to a conserved aspartic acid on its cognate response regulator. The
phosphorylated response regulator can then orchestrate a cellular
response, most commonly through binding of downstream DNA or
proteins.' ™

A typical bacterial HK consists of a periplasmic sensor domain,
flanked by two transmembrane regions, and a catalytic cytoplasmic
region. The cytoplasmic region consists of two distinct domains: a
four-helical bundle dimerization domain, which houses the con-
served His residue, and an ATP-binding catalytic domain.*’ The
ATP-binding motif of bacterial HKs dramatically differs from the
typical eukaryotic ATP-binding domains of Ser, Thr, and Tyr kinases.
Solution and crystal structures of several catalytic domains, exem-
plified by EnvZ, CheA, and PhoQ,2 '° reveal a highly conserved do-
main core that shares a unique Bergerat ATP-binding fold with a
diverse set of proteins, which includes DNA gyrase, Hsp90, and MutL,
together referred to as the “GHKL superfamily.”'" Despite minimal
sequence identity, the structures of the ATP-binding pockets of this
superfamily display high topological similarity. The core of the Ber-
gerat fold consists of an o/ sandwich, comprised of a four-stranded
antiparallel B-sheet and three o-helices. A highly variable loop, re-
ferred to as the “ATP lid,” connects helix o3 and B-strand B3 in HKs,
and its conformation and position relative to the bound nucleotide are
strikingly different in each member of the GHKL family.®*!

The omnipresent nature of the TCS in bacteria, unconventional
phosphorylation substrates, unique Bergerat fold, and notable
absence from the animal kingdom make the TCS HK an ideal target
for novel antibiotic design.*'*"'®* Traditional high-throughput
screening (HTS) targeting these kinases has typically utilized random
small molecule libraries, screening for differential growth, inhibition
of ATPase activity, or decreased TCS-regulated gene expression.'>'®
These screens have identified bactericidal compounds; however, their
mechanism of inhibition is often TCS independent, and these com-
pounds generally lack potency or display eukaryotic cytotoxici-
ty.'>'® On the other hand, inhibitors targeting the Bergerat fold of
GHL family proteins, in particular Hsp90, are extensively developed
as anticancer therapeutics.'”'® The Hsp90 inhibitor radicicol, a
natural antifungal compound, has been shown to bind to Hsp90’s
Bergerat fold and inhibit its activity in vitro by directly competing
with ATP."”728 It has also been shown to inhibit the activity of the
Saccharomyces cerevisiae SIn1 HK.?° Due to the highly conserved
topology of the Bergerat fold, there is potential for the exploitation of
such GHL inhibitors as novel bacterial HK inhibitors.?°

ABBREVIATIONS: ATP, adenosine triphosphate; ddH,0, double distilled water; GHL, Gyrase, Hsp90, MutL; GST, glutathione S-transferase; HK, histidine kinase; HTS, high-throughput
sereening; IPTG, Isopropyl 3-D-1-thiogalactopyranoside; Ky, dissociation constant; MRSA, Methicillin-resistant Staphylococcus aureus; NCI, National Cancer Institute; NMR, Nuclear
Magnetic Resonance; PhoQcat, PhoQ catalytic domain; TCS, two-component system; TNP-ATP, 2',3'—O—(2,4,6—trinitrophenyl) adenosine 5'—triphosphate; RFU, relative fluorescent units.
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We have chosen the Salmonella PhoPQ TCS as our model system to
explore the possibility of designing inhibitors targeting bacterial
HKs. HK PhoQ has been shown to detect extracellular Mg”, acidic
pH, and antimicrobial peptides. In response to these stimuli, the
PhoPQ regulon controls ~ 3% of the Salmonella genome.>>*” The
PhoPQ TCS is critical for Salmonella virulence.”® Salmonella strains
with mutations in the phoP or phoQ locus lead to attenuation in
virulence, and the median lethal dose of PhoP or PhoQ null mutants
in mice are five orders of magnitude higher than that of wild-type
Salmonella.*®*° This system is also commonly found in many other
gram-negative bacteria, such as Escherichia coli, Shigella, and
Yersinia sp., making it an excellent model system to investigate the
potential for TCS inhibition in pathogenic species.*'"*?

Recently, we showed that radicicol binds weakly to the PhoQ ATP-
binding pocket, based upon Nuclear Magnetic Resonance (NMR) and
crystallographic structure analysis.>® Further, both ATP and radicicol
displace a fluorescent ATP analog 2',3"-0-(2,4,6-trinitrophenyl) aden-
osine 5 -triphosphate (TNP-ATP) from the ATP-binding pocket, sup-
porting that radicicol binds in the ATP-binding pocket. These data
suggest that GHL inhibitors may indeed be utilized as lead compounds
or scaffolds for the development of new antibiotics targeting PhoQ and
other bacterial HKs.

Performing HTS using the PhoQ catalytic domain (PhoQcat),
which harbors the ATP-binding pocket, with a large number of GHL
inhibitors may enable us to identify a much tighter binding inhibitor.
Since PhoQcat only binds, but does not hydrolyze ATP,'® we need to
develop an assay to identify compounds that inhibit ATP-binding as
opposed to hydrolysis. A number of assays have been developed for
Ser/Thr or Tyr kinases to identify inhibitors that competitively dis-
place fluorescent-labeled or enzyme-coupled compound bound to
the ATP-binding pocket. For example, Vainshtein et al. utilized
staurosporine, a potent broad-spectrum kinase inhibitor, conjugated
to a small fragment of B-galactosidase.®’ Upon displacement from the
ATP-binding pocket, conjugated staurosporine is free in solution to
form an active enzyme with the complementary fragment of f-
galactosidase and produce enzymatic activity. Lebakken et al. uses a
fluorophore-labeled staurosporine and time-resolved fluorescence
resonance energy transfer to monitor displacement of staurosporine
by small molecules from the ATP-binding pocket.®® The assay de-
veloped by Kashem et al. takes advantage of a proprietary fluorescent
kinase probe and the fluorescence polarization signal reduction upon
displacement of this probe.®> Compounds/probes used in these assays
typically bind in the ATP-binding pocket of Ser/Thr and Tyr kinases.
However, it is unclear whether these compounds bind the ATP-
binding pocket of HKs, considering the dramatic differences between
the Bergerat ATP-binding fold of HKs and the ATP-binding site of
Ser/Thr or Tyr kinases. On the other hand, TNP-ATP, a fluorescent
ATP analog, has been shown to bind to the ATP-binding pocket of
HKs.24%0 In this article, we demonstrate that TNP-ATP binds to
PhoQcat and can be competed off by compounds binding to the ATP-
binding pocket. We developed an assay based on this for the
screening of inhibitors targeting the ATP-binding pocket of PhoQ.
Although we have focused upon a bacterial HK as we developed this

assay, it holds promise for screening inhibitors targeting other ATP-
binding proteins.

MATERIALS AND METHODS
Purification of PhoQcat

Salmonella typhimurium PhoQ residues 332-487 (PhoQcat) were
subcloned into a pGEX-6p1 vector (GE Healthcare) and expressed in
E. coli strain XA90 as a glutathione S-transferase (GST) fusion
protein. Bacteria were grown at 37°C until 0D600 = 0.5-0.6 and
were induced with 0.25 mM Isopropyl B-D-1-thiogalactopyranoside
(IPTG) overnight at room temperature. Bacteria cells were harvested
by centrifugation at 5500 rpm for 10 min, resuspended in 50 mM
Tris-HCl, pH 7.5, 50 mM NaCl, and lysed via sonication. The fusion
protein was first purified using glutathione Sepharose resin (GE
Healthcare) and cleaved overnight with PreScission Protease (GE
Healthcare) at 4°C to remove glutathione S-transferase (GST).
The resultant PhoQcat was further purified using a Superdex-200
gel filtration column (GE Healthcare). Peak fractions were
pooled and concentrated using Amicon Ultra centrifugal filter units
(Millipore).

Fluorescence Measurements

Fluorescent emission scanning spectra of TNP-ATP (Sigma-Aldrich)
and TNP-ATP:PhoQcat complex were obtained using a Fluoromax-3
fluorometer (HORIBA Jobin Yvon) with an excitation wavelength of
403 nm. All other fluorescent measurements were performed using a
Biotek Synergy HT plate-reader, equipped with emission and excitation
filters of 400/30 and 540/25 nm, respectively (Bio-Tek Instruments). All
measurements were obtained in 96-well, black, half-volume, flat-bot-
tom plates (Greiner Bio-One) at 25°C, in 50 pL reaction volumes.

Determination of Dissociation Constants

To examine the interaction between PhoQcat and TNP-ATP, we
carried out titration experiments. Increasing concentrations of
PhoQcat were added to a constant concentration of TNP-ATP
(150 uM) in a buffer containing 50 mM Tris-HCl, pH 7.5, and 50 mM
NaCl in 50 pL reaction volumes. Samples were gently shaken for
10 min on an orbital shaker at room temperature before each read.

Relative fluorescent units (RFU) versus PhoQcat concentration was
plotted using the program Kaleidagraph (Synergy Software). To ob-
tain the value of the dissociation constant, Ky, we applied the fol-
lowing Langmuir single-site binding equation for a curve fit:

RFUobs = RFUfree + [{(RFUbound - RFUfree) X [([PrOtein]total

+ [TNP]total + Kq) — Sqn(([PTOtein]total + [TNP]total + Kd]z
- (4 X [PrOtein]total X [TNP]])]}/[z [TNP]totaI]]v

where RFU obs, free, and bound are the RFU observed, RFU of free
TNP-ATP, and RFU of TNP-ATP when completely bound to protein,
respectively, and [Protein] and [TNP] are the concentrations of
PhoQcat and TNP-ATP, respectively.

To determine the dissociation constants for competitors (ATP or
small molecule compounds), we employed a competitive binding
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assay. Increasing concentrations of competitor were added to pre-
incubated PhoQcat:TNP-ATP (300 pM:150 uM) complex. Samples
were gently shaken at room temperature for 10 min before fluores-
cence reading. Fraction bound was calculated as

0= (RFUobs - RFUfree]/(RFUmax - RFUfree]v

where 0 is the fraction TNP-ATP-bound protein and RFU,,, is the
maximal RFU observed at saturation (100% TNP-ATP bound).

Plots of fraction bound versus concentration of inhibitor were
analyzed by curve fitting using the following equation as described
in Batey and Williamson™:

0=1/2T{Kmp + Krnp/Kc)C+T+P
— sqrt[[Krnp + (Krvp /Kc)C + T+ P]* — 4TP]},

where 0 is the fraction-bound protein; Kyyp and Kc are the dissociation
constants for TNP-ATP and competitor, respectively; and T, C, and P are
the concentrations of TNP-ATP, competitor, and protein, respectively.

7 -Factor Determination

To determine Z -factor,** we measured fluorescence of the TNP-
ATP:PhoQcat complex as a negative control. Since there are no
known PhoQcat inhibitors, we used high concentration (10 mM) of
ATP to mimic the complete ATP-binding inhibition of PhoQcat
(positive control) and measured fluorescence of TNP-ATP:PhoQcat
10 mM ATP. Z -factor was determined using the following equation:

Z’—factor =1- [(3 X (SDpositive control SDnegative control)]/

Npositive control — :unegative control]7

where SD and p are the standard deviations and means, respec-
tively.**

Small Molecule Compound Library Screening

We screened a small molecule library containing 288 Hsp90 in-
hibitor analogs (geldanamycin-radicicol chimeras and novobiocin
analogs) using the TNP-ATP displacement assay (Table 1). Library
compounds (100 uM) were incubated with pre-mixed PhoQcat:TNP-
ATP complex (100 uM:150 uM) in 96-well, half-volume plates, in a
final volume of 50 pL. Positive (10 mM ATP) and negative (dimethyl
sulfoxide alone) inhibition control wells were included in every
screening plate for quality control purposes. ATP (100 uM) and radi-
cicol (100 uM) were also included so the extent of inhibition of other
compounds can be compared with ATP and radicicol. Plates were
gently rocked at low speed for 15 min and samples were read using a
Biotek Synergy HT as described above. All screens were performed in
triplicate. The top hits from the library were then combined with 80
compounds from the National Cancer Institute (NCI) Diversity Set, and
screened under the same conditions in triplicate. Protein concentration
was tested before incubation with compounds, and again after 15-min
incubation and centrifugation, to ensure protein concentration re-
mained constant and observed fluorescence was not affected by pro-
tein precipitation.

Table 1. 2',3'-0-(2,4,6-Trinitrophenyl) Adenosine 5 -Triphosphate Displacement Assay Protocol

Step ‘ Parameter ‘ Value ‘ Description

1 Premix 100 pM:150 uM PhoQcat:TNP-ATP

2 Controls 0.5 puL ATP, DMSO, radicicol

3 Library compounds 0.5 puL 10 mM stock

4 PhoQcat:TNP-ATP 49.5 uL Premixed, Step 1

5 Incubation Time 15 min Ambient temperature, Shaker

6 Assay readout 400 nm (Ex)/540 nm (Em) Fluorescence detection (relative fluorescent units)

Step ‘ Notes

1 Care should be taken to minimize TNP-ATP light exposure. All protein and reagents should be kept on ice before use. Protein storage buffer consisting
of 50mM Tris, pH 7.5, and 50mM NaCl utilized for dilution of protein. TNP-ATP dissolved in double distilled water (ddH0), pH adjusted to 7.0.

2 Columns 1 and 12 reserved for control wells, alternately plated with 100 uM ATP, 100 pM radicicol, and 0.5 pL DMSO.

4 Multichannel pipette utilized for rapid, uniform dispensing.

5 Plates covered with adhesive seal. Gently shake (50-100rpm) on orbital shaker.

6 Excitation filter of 400/30 and emission filter of 540/25 utilized on a Biotek Synergy HT plate reader, set to fluorescence mode, sensitivity set to 100.

TNP-ATP, 2',3'-0-(2,4,6-trinitrophenyl] adenosine 5'-triphosphate; ATP, adenosine triphosphate; DMSO, dimethyl sulfoxide.
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RESULTS AND DISCUSSION
Fluorescent ATP Analog TNP-ATP Binds to PhoQcat

The fluorescent ATP analog, TNP-ATP, has been utilized as a
valuable probe for examining the nucleotide binding of various eu-
karyotic and bacterial kinases.*”*° Extensive biochemical and
structural characterization of the probe bound to CheA and EnvZ has
revealed that TNP-ATP occupies the nucleotide-binding pocket of
these bacterial HKs.®*®° TNP-ATP displays minimal fluorescence in
solution by itself. However, upon binding to protein, a significant
fluorescence increase is observed. We found that the relative fluo-
rescence of 200 pM TNP-ATP increases ~ 4-fold in the presence of
equimolar concentrations of PhoQcat, with a A, of 538 nm (Fig. 1).

To determine the binding affinity of the TNP-ATP to PhoQcat, we
titrated increasing amounts of PhoQcat into constant concentration
of TNP-ATP in a Tris-NaCl buffer. Titrating in the PhoQcat protein
while keeping TNP-ATP concentration constant avoided the need
for inner filter effect correction due to increasing concentrations of
TNP-ATP. Fluorescence intensity versus protein concentration values
were plotted and fit into a Langmuir single-site binding equation. We
determined the dissociation constant, K, for the TNP-ATP:PhoQcat
interaction to be 294 + 33 uM, with a R? value of 0.99 for curve fit
(Fig. 2).

This dissociation constant between TNP-ATP and PhoQcat is
significantly higher than the K, previously reported for both the TNP-
ATP:CheA and TNP-ATP:EnvZ HK interactions (1.9 and 0.5 pM, re-
spectively)®*®>° Despite the overall structural similarity of the nu-
cleotide-binding pockets of the bacterial HKs, the spacing between
conserved motifs, as well as the specific interacting residues within
the ATP lid, is unique to each kinase, likely contributing to this
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Fig. 1. Fluorescence emission spectra of TNP-ATP in the absence and
presence of PhoQcat. Scanning emission spectra of TNP-ATP alone
(gray) and in complex with PhoQcat (black) were collected using an
excitation wavelength of 403 nm, and emission wavelength from
500 to 600 nm. TNP-ATP, 2',3"-0-(2,4,6-trinitrophenyl) adenosine 5 -
triphosphate; PhoQcat, PhoQ catalytic domain.
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Fig. 2. Determination of TNP-ATP:PhoQcat dissociation constant.
Direct titration of PhoQcat into a TNP-ATP solution leads to the
TNP-ATP:PhoQcat complex formation in a concentration-dependent
fashion. Curve-fitting of the relative fluorescent units versus
PhoQcat concentration to a Langmuir single-site binding equation
determined the Ky of the TNP-ATP:PhoQcat interaction to be
294 + 33 M. Error bars represent standard deviation of n=3
values. Ky, dissociation constant.

differential binding affinity. Indeed, the space-filling models of nu-
cleotides bound to CheA and EnvZ reveal significantly different
binding orientations of the adenine ring and triphosphate moieties
between the two proteins®*®*° The distinct nature of nucleotide-
binding determinants in the ATP-lid region of GHKL family members
may also explain the large affinity differential previously observed
between radicicol:Hsp90 and radicicol:PhoQcat binding (19 nm and
715 uM, respectively),'”?° as well as differences in other inhibi-
tor:GHKL family member interactions.'” '9*?3%2152 Ag such, al-
though the design of a broad-spectrum antibiotic targeting all HKs
may prove challenging, the potential for design of a high-specificity
antibiotic targeting specific classes of HKs, but not the eukaryotic
GHL family members, is promising. It is worth mentioning that nu-
cleotide specificity may also be influenced by a HK’s propensity to
dimerize.>® The PhoQcat construct (without the dimerization domain)
is monomeric; thus, values obtained herein reflect the binding
properties of the isolated catalytic domain, and may not be fully
indicative of full-length PhoQ nucleotide binding.

ATP Competes with TNP-ATP for Binding to PhoQcat’s
Nucleotide-Binding Pocket

ATP has been shown to displace TNP-ATP from the nucleotide-
binding pocket in TNP-ATP:protein complexes, resulting in reduc-
tion of relative fluorescence.®***° We found that ATP also displaces
TNP-ATP from the TNP-ATP:PhoQcat complex, and utilized this
displacement assay to determine the Ky of ATP binding to PhoQcat.
We titrated ATP into an equilibrated TNP-ATP:PhoQcat complex.
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Reduction in fluorescence was observed in a concentration-
dependent manner, eventually reducing fluorescence to the levels of
free TNP-ATP (Fig. 3), indicative of complete displacement of the
fluorescent TNP-ATP. Fraction of TNP-ATP bound was plotted
against concentration of ATP and fitted to an equation describing the
competitive binding (see Materials and Methods for details) to de-
termine the dissociation constant of unmodified ATP for PhoQcat.
The K, was determined to be 412 % 72 uM, with a R* value of 0.97 for
curve fitting (Fig. 3). This value is significantly higher than that
observed for EnvZ (60 uM),50 but is close to that reported for CheA
(260 puM).2*¢

TNP-ATP binds both CheA and EnvZ more tightly than it binds
unmodified ATP.5*%*° We observed a similar trend with the TNP-
ATP:PhoQcat interaction. TNP-ATP binds ~ 1.4-fold tighter than
unmodified ATP. However, the difference in binding between un-
modified ATP and TNP-ATP is minimal compared to that of EnvZ and
CheA (~ 30-fold and 500-fold, respectively),?*®*° again implicating
unique nucleotide-binding determinants within the Bergerat fold.

Although the affinity of ATP to PhoQcat is relatively low
(~412 M), it does not preclude the development of high affinity
inhibitors of the ATP-binding pocket of PhoQcat. Residues in the
conserved N, G1, G2, G3 boxes, and the ATP-lid of sensor kinases all
participate in ATP binding.'' These conserved boxes and the ATP-lid
span over 90 residues on the primary sequence and are located on
multiple secondary structures (i.e., a2, B3, a3, and the loops between
B3 and a2 as well as between 4 and 5 in PhoQcat). Together they
form a large binding pocket for ATP and possibly other compounds.
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Fig. 3. Unmodified ATP competes with TNP-ATP for PhoQcat bind-
ing. Titration of unmodified ATP into a TNP-ATP:PhoQcat complex
solution displaces TNP-ATP, leading to a decrease in relative
fluorescence. Curve-fitting the plot of fraction of TNP-ATP bound
versus ATP concentration determined the Ky of the ATP:PhoQcat
interaction to be 412 £+ 72 uM. Error bars represent standard de-
viation of n =13 values. ATP, adenosine triphosphate.
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That ATP has a low binding affinity to Salmonella PhoQcat is likely an
indication that ATP has not made sufficient interactions with most or
all residues in the ATP-binding pocket to reach high affinity. Other
compounds may make contacts with different residues in this pocket or
make more contacts that enable them to bind PhoQcat with a much
higher affinity. For example, ATP binds Hsp90 with a K4 ~ 132 uM,**
but radicicol binds to the same ATP-binding pocket with a Ky
~19nM."7 ATP binds Gyrase with a K4 of 590 uM.®> However, mul-
tiple clorobiocin derivatives bind Gyrase with a K4 around 260 nM.®°
There are also many other examples where starting compounds with
low affinity (K4 between 500 uM and 1 mM) have been improved to
high affinity inhibitors (Kq between 200 nM and 1 uM).®”~”° Screening
more GHL inhibitors or carrying out an unbiased HTS using a diver-
sity-based compound library and further optimization can potentially
identify compounds that make significant interaction with the ATP-
binding pocket and has a much tighter binding affinity to PhoQcat.

The GHL Inhibitor Radicicol Competes with TNP-ATP

We recently reported the Ky for the radicicol:PhoQcat interaction
to be 715 £ 78 uM, using NMR chemical shift perturbation analy-
sis.?® This provided us with a positive control to validate the fluo-
rescent competition assay. As expected, radicicol displaced TNP-ATP
in a concentration-dependent fashion and the dissociation constant
determined by the competition assay is 750 + 111 uM, with a R’
value of 0.91 (Fig. 4), similar to the Ky determined by NMR.
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Fig. 4. Determination of Radicicol:PhoQcat dissociation constant.
Titration of radicicol into a TNP-ATP:PhoQcat complex solution
displaces TNP-ATP, leading to a decrease in relative fluorescence.
Fitting the plot of fraction of TNP-ATP-bound versus Radicicol
concentration determined the Ky of the radicicol:PhoQcat interac-
tion to be 750 + 111 uM. By comparison, the Ky for this interaction
was determined to be 715 + 78 uM via NMR. Error bars represent
standard deviation of n=3 values.
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Fig. 5. Determination of the Z-factor for the TNP-ATP displacement
assay. Negative control samples with no inhibition (TNP-ATP:-
PhoQcat complex, triangles) and positive control samples with total
inhibition (TNP-ATP:PhoQcat +10mM ATP, squares) were mea-

Screening of the Hsp90 Inhibitor Library and the NCI
Diversity Set

To evaluate the potential of the TNP-ATP displacement assay as a
HTS assay to identify inhibitors that bind to the ATP-binding pocket,
we determined the Z -factor** of the assay. The complex between
TNP-ATP and PhoQcat was utilized as a negative control, and 10 mM
ATP was added to mimic total inhibition of TNP-ATP:PhoQcat
complex formation (positive control), as indicated by a decrease in
fluorescence emission to levels of TNP-ATP alone. Fluorescence from
plates of total inhibition and no inhibition controls were measured to
calculate the Z-factor (see Materials and Methods for details),
yielding a value of 0.93 (Fig. 5), indicative of an assay feasible for
HTS.*

We first applied this TNP-ATP displacement assay to a small Hsp90
inhibitor library of 288 compounds (containing geldanamycin/ra-
dicicol chimeras and novobiocin analogs). Compounds (100 uM) as
well as 100 uM unmodified ATP and radicicol (as controls) were used
in the screening. Twelve of the compounds screened were found to
decrease fluorescence at levels greater than both radicicol and un-

sured to determine the Z-factor and the assay’s high-throughput

; o modified ATP (Fig. 6). Compound JH-II-126 was identified as the top
screening capability.

hit in the Hsp90 inhibitor library screen. Utilizing our competition
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Fig. 6. Scatter plot displaying a representative screen of the Hspgo inhibitor analog library. (A) A compound library consisting of 288
geldanamycin/radicicol chimeras and novobiocin analogs was screened using the TNP-ATP displacement assay. Top hits, displaying
greater TNP-ATP displacement than both ATP and Radicicol, are shown in black squares. Other compounds are represented in grey
diamonds. Also shown in black are blank (dimethyl sulfoxide control), ATP, and Radicicol. (B) Chemical structures of radicicol (1),
novobiocin (2), geldanamycin (3), and JH-1I-126 (4).
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assay, the Ky of the compound was determined to be 391 + 61 uM
with an R? value of 0.97 (Fig. 7). This affinity increases roughly
twofold compared to radicicol. Although the affinity of JH-1I-126 is
still low, this compound may provide a template for a new analog
library. There have been examples in which starting compounds with
low affinity (Ky between 590 uM and 1 mM) have been improved
to high affinity inhibitors (Kgs of 200 nM to 10 uM) via structural-
guided design.**>* Therefore, the current affinity of radicicol analog
JH-1I-126 for PhoQcat suggests that the compound may be a prom-
ising candidate for optimization via further screening in correlation
with structure-guided approaches.

To further validate the ability of the TNP-ATP displacement assay
to identify HK inhibitors, we screened 80 randomly selected com-
pounds from the NCI Diversity Set (which contains ~ 2000 struc-
turally diverse compounds), combined with the top 12 hits from the
radicicol library. None of the small molecules from the NCI library
displayed greater TNP-ATP displacement than radicicol, whereas the
top hits from the radicicol analog library were clearly identified as
top competitors (Fig. 8).

The Potential of the TNP-ATP Displacement Assay
in Drug Development

Resistance to conventional antibiotics has been reported for every
major group of bacterial pathogens. Multi-drug and pandrug-
resistant strains of Gram-negative bacteria are becoming increas-
ingly prevalent, and there are a rising number of bacteria exhibiting
vancomycin resistance, the antibiotic often used as a last resort.”>®

Fraction Bound (TNP)

01 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600

JH-1I-126 Concentration (pM)

Fig. 7. Determination of JH-lI-126:PhoQcat dissociation constant.
Titration of JH-1I-126 into a TNP-ATP:PhoQcat complex solution
displaces TNP-ATP, leading to a decrease in relative fluorescence.
The Ky of the JH-lI-126:PhoQcat interaction determined from this
competition assay is 391 + 61 uM. Error bars represent standard
deviation of n=3 values.
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Fig. 8. Scatter plot displaying a representative screen of the NCI
Diversity Library. The top 12 hits from the GHL library screen
(black) were combined with randomly selected compounds from
the NCI structural diversity set (gray). Also shown in black are ATP,
radicicol, and blank (dimethyl sulfoxide control) samples. The top
hit from both the GHL and NCI libraries was compound JH-1l-126,
encircled. NCI, National Cancer Institute.

Further, only four new classes of antibiotic have been introduced into
clinical practice in the past 40 years.’® Thus, the development of a
novel class of antibiotics presents an urgent task for the scientific
community.

Bacterial HKs present attractive antibiotic targets due to their
absence from the animal kingdom.? In addition, the bacterial HK
ATP-binding fold, the Bergerat fold, and the phosphorylation
substrates of the TCS vastly differ from that of conventional eu-
karyotic Ser, Thr, and Tyr kinases.”’ Clinically relevant bacteria,
including enterohemorrhagic E. coli 0157, Methicillin-resistant
Staphylococcus aureus (MRSA), and vancomycin-resistant MRSA,
contain numerous HK-encoding genes,'? and the virulence of several
other pathogenic bacteria is also regulated by TCS signaling.*"**
Traditional HTS screens targeting such bacterial HKs have identified
bactericidal compounds. However, the bactericidal properties of
these compounds are often multi-mechanistic, independent of TCS
inhibition, or due to nonspecific protein aggregation.'*'>'®*” One
potential approach to more specifically target HKs is to take advan-
tage of the Bergerat fold conservation and combine HTS of known
GHL inhibitors with structure-guided design, utilizing GHL inhibitors
as scaffolds for optimization. We have recently reported the binding
of the GHL inhibitor, radicicol, to the nucleotide-binding pocket of
the PhoQcat.*® In this article, we expand upon these findings and
explore the potential of using HTS approach to identify a tighter-
binding HK inhibitor, using a TNP-ATP displacement based assay.

The TNP-ATP displacement assay we developed can be used to
identify compounds capable of inhibiting the nucleotide binding of
bacterial HKs using HTS approaches. Although we only screened a
library of ~300 compounds, the screen is scaleable for HTS cap-
abilities. The assay can be used to screen through structurally diverse
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libraries, as well as structurally focused compound libraries, such as
the Hsp90 inhibitor library reported here. Our limited Hsp90 inhibitor
library screen has identified compound JH-II-126, which binds with
twofold greater affinity than radicicol. There is a wealth of GHL
inhibitors, particularly those targeting Hsp90, that have recently
been developed for anticancer therapy'®?®?>?%?® and can be
screened for their binding to HKs. As such, this compound represents
just one of many potential lead compounds based upon known GHL
inhibitor scaffolds. Structural analysis will likely provide a critical
complementary approach to HTS of GHL inhibitors, especially in
cases where initial binding affinities are weak. A detailed analysis of
the JH-II-126:PhoQcat structure, for example, may help to identify
key binding moieties and aid in the design of compounds with en-
hanced affinities for the nucleotide-binding pocket of PhoQcat.

The current TNP-ATP displacement assay has some limitations.
Due to the relatively weak binding affinity between TNP-ATP and
PhoQcat (Kq ~294 uM), we need to use large quantity of protein
(100 uM) and TNP-ATP (150 uM) to obtain sufficient fluorescent
signal. The concentration of the screening compounds therefore has
to be rather high (we have used 100 uM in our pilot screens) to
demonstrate significant inhibition. A higher affinity fluorescent ATP
analog would likely circumvent this problem, allowing for HTS at
lower compound concentrations, in addition to requiring less protein
and ATP analogs. There are currently a number of fluorescent ATP
analogs available other than trinitrophenol analogs.”' For example,
MANT-ATP, a methyl anthraniloyl-substituted nucleotide, has been
shown to bind HK PrrB from Mycobacterium tuberculosis with an
affinity of 0.17 uM.”* Tt will be interesting to test in the future
whether these other fluorescent ATP analogs can bind PhoQcat and
whether the affinity is higher than that of TNP-ATP bound to
PhoQcat.

Fluorescent TNP-ATP displacement presents a useful screening
method for identifying inhibitors of proteins or protein domains that
bind ATP, but do not hydrolyze ATP. For example, the C-terminal
domain of Hsp90 houses an alternative, non-Bergerat ATP-binding
site, which becomes accessible upon N-terminal Bergerat pocket
occupation.'®”® Protein domains such as the isolated H4-H5 loop of
the Na + /K + ATPase, recently identified as another novel target for
anti-cancer therapeutics, also present ideal targets for TNP-ATP
displacement screening.’® In addition, many proteins capable of
hydrolyzing unmodified ATP are incapable of hydrolyzing TNP-ATP.
For example, full-length HK CheA does not hydrolyze TNP-ATP,
despite binding the probe significantly tighter than unmodified ATP,
which it readily hydrolyzes.®*® A similar occurrence is observed for
ATP-dependent DNA helicases.*®° TNP-ATP displacement has also
been reported for unconventional nucleotide-interacting proteins
such as ATP-sensitive K™ channels.*®*° In cases where proteins are
capable of hydrolyzing ATP, but incapable of hydrolyzing TNP-ATP,
TNP-ATP displacement can also be utilized as a screening tool.
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